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Abstract 
Landfill avoidance for organic wastes is now a high priority worldwide. Two fractions 
of the municipal waste stream were considered with respect to their potential for diversion 
through controlled anaerobic digestion. The physical and chemical properties of source 
segregated domestic food waste (ss-FW) and of the mechanically-recovered organic fraction 
of municipal solid waste (mr-OFMSW) were analysed, and their methane yields determined 
in both batch and semi-continuous digestion. Methane potentials were compared with 
predicted values based on biochemical composition, elemental analysis and carbon mass 
balance, and the differences explained by compositional analysis of feedstocks and digestates. 
The ss-FW had a higher percentage biodegradability and higher energy potential on a dry 
weight basis due to the high proportion of proteins and fats in this waste, although the energy 
potential of the mr-OFMSW was slightly higher on a wet weight (WW) basis. The mr-
OFMSW showed very stable digestion characteristics, whereas the ss-FW had a high 
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digestate ammoniacal-N concentration and volatile fatty acid accumulation leading to some 
process instability. Digestates from semi-continuous trials with mr-OFMSW had high 
concentrations of potentially toxic elements (PTE) and a lower nutrient content than ss-FW 
digestate, making the former unsuitable for application to land used in food production. 
 
Keywords: municipal solid waste, food waste, methane potential, calorific value, nutrients, 
toxic elements. 
 
1. Introduction 
 
It is now widely accepted that anaerobic digestion can offer a sustainable means of 
processing the organic fraction of municipal solid waste (OFMSW), and provides a route by 
which some of the energy inherent in this material can be recovered (Mata-Alvarez, 2003). 
There is also the added potential of using digestate from the process as a fertiliser and soil-
conditioning material which, if it is of suitable quality, can be applied to agricultural land for 
food production (Lukehurst et al., 2010). There are several reasons why European countries 
are rapidly expanding the application of this technology in municipal waste management. 
These include: the requirements of the EU Landfill directive (99/31/EC) (EC, 1999); 
challenging policies on municipal waste in the EU Waste Framework directive (2008/98/EC) 
(EC, 2008); the potential to provide a means of satisfying the Animal By-Products 
Regulations (EC 1069/2009) (EC, 2009a); and the need for alternative and energetically more 
efficient routes than composting or incineration for the recovery of value from wet materials 
such as food waste, driven in part by European targets for renewable energy production 
(2003/30/EC and 2009/28/EC) (EC, 2003 and 2009b).  
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The current research examined the energy yield and digestate characteristics of two 
fractions of municipal waste that can be separated and targeted for resource recovery through 
the digestion process. The first was the organic fraction recovered from mixed residual waste 
by post-collection mechanical sorting. The second was source segregated food waste 
collected separately from households in biodegradable cornstarch bags. The physico-
chemical characteristics of the wastes were determined and digestion trials were carried out 
in both batch and semi-continuous anaerobic digesters. Digestion performance was quantified 
by methane production and solids destruction, process stability assessed by analysing digester 
chemical parameters, and digestate quality referenced by the concentration of potentially 
toxic elements (PTE) and its nutrient properties. In addition, elemental composition and 
calorific values of the wastes were determined to allow comparison of experimental results 
with theoretical predictions of biogas yield.  
 
2. Materials and methods 
 
2.1. Feedstocks 
 
Food waste. The source-segregated domestic food waste (ss-FW) originated from a 
collection scheme at Newtown, Powys, UK which yields about 750 tonnes year
-1
 of this 
material. A 210 kg sample was collected at the Biocycle anaerobic digestion plant in Ludlow, 
Shropshire, UK. The sample was removed from biodegradable starch-based bags and 
processed in a commercial shear shredder (RS404S, Untha Ltd, Germany) with 4 counter-
rotating shaft-mounted cutters, a 20 mm jaw spacing and an 80 mm rejection screen. Rejected 
material was subsequently recycled through the shredder until all material had passed the 
screen. The sample was then further processed by passing through a macerating grinder 
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(S52/010 Waste Disposer, IMC Ltd, UK), and mechanically mixed in a single container until 
homogeneous.  
 
Residual waste. Mechanically-recovered OFMSW (mr-OFMSW) was obtained from 
the Bursom Recycling Centre, Leicester (Biffa Plc, UK). The residual mixed waste entering 
this plant is first ball milled and then separated into two size fractions of 0-40 mm and 40-80 
mm by a drum screen. The 0-40 mm fraction (mainly putrescibles) goes through a flip-flop 
slotted screen to remove excess water and then through a 5 mm grid. The material is then 
transferred to closed containers for transport to the Wanlip anaerobic digestion plant (Biffa 
Plc, UK). 100 kg of this material was taken as a sample and further hand-sorted to remove 
large non-organic contaminants.  
 
Both of the wastes were stored in sealed containers at approximately -20 
o
C, and 
thawed for 24 hours at room temperature before use. Once defrosted the waste was 
maintained at 4 
o
C and used within 5 days.  
 
2.2. Feedstock particle size analysis 
 
The particle size distribution (PSD) of a 30 kg sample of the mr-OFMSW was 
analysed using a British Standard test sieve shaker (Endecotts Ltd, UK) with mesh sizes of 
37.5, 20.0, 13.2, 6.7, 5.0 mm, for a 20-minute period. The PSD was expressed as a percentage 
of the weight of fresh matter present in each size class. To determine the particle size of the 
ss-FW it was diluted to give a slurry with a solids content of approximately 5% (w/v), and 
then analysed using a manual wet sieving technique (Mahmoud et al., 2006) with standard 
test sieves (Endecotts Ltd, UK) of mesh sizes of 4.75, 2.80, 1.40, and 0.60 mm. The screened 
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undersize material (<0.60 mm) was collected in two 25-litre containers and centrifuged to 
concentrate the finest particles prior to weight determination. The waste retained on each 
sieve was rinsed off with tap water and dried at 105 °C to constant weight, and the result 
expressed as a percentage of the total solids weight fraction for each mesh size.  
 
2.3. Testing for biochemical methane potential (BMP)  
 
BMP tests were performed according to the recommendations of Angelidaki et al. 
(2009) using batch digesters with a working volume of 1.4 litres, which were mechanically 
stirred at 40 rpm and maintained at 36 ± 1 ºC in a thermostatic water bath (see Fig. S1 and S2 
in the supplemental materials for the photo and schematic diagram of the BMP apparatus.). 
Biogas was collected by displacement of a 75% saturated sodium chloride solution acidified 
to pH 2 in calibrated glass cylinders (Walker et al., 2009). The height of the solution in the 
collection cylinder was recorded at 5-minute intervals by a headspace pressure sensor, as a 
back-up to manual readings. Vapour pressure and salt solution density were taken into 
account in correction of gas volumes to a standard temperature and pressure (STP) of 0 
o
C 
and 101.325 kPa (Walker et al., 2009). Samples for gas composition analysis were taken from 
the cylinders each time they were refilled, at intervals of no more than 7 days.  
 
Digestate liquor from semi-continuous digesters fed respectively on ss-FW and mr-
OFMSW (see 2.4 below) was used as inoculum for the BMP tests. In each case the liquor 
was produced by sieving the digestate through a 1 mm mesh to remove larger particles. For 
each waste, fifteen digesters were set up as follows: six digesters charged with waste at an 
inoculum-to-substrate (i/s) ratio of 2 on a volatile solids (VS) basis; a further six at i/s ratio 4; 
and three digesters as controls without substrate addition.  
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2.4. Digestion experiments  
 
Four digesters, each with a working volume of 35 litres, were used in a semi-
continuous feeding regime. Each digester had an internal diameter of 0.32 m and a height 
0.55 m and was fitted with top and bottom flange plates. Fresh feed was added via a port in 
the top plate, and digestate removed from the bottom via a drain tube. The digesters were 
maintained at 36 ± 1 °C by an internal heating coil and mixed by a mechanical stirrer 
connected through a gas-seal draught tube to a geared motor operating at 35 rpm (see Fig. S1 
and S3 in the supplemental materials for the photo and schematic diagram of the semi-
continuous digestion apparatus). Biogas production from each digester was measured 
continuously using a tipping-bucket gas flow meter as described in Walker et al. (2009). The 
digesters were inoculated with digestate acclimated to OFMSW over a period of 16 months in 
a previous study (Zhang and Banks, 2010); this was passed through a 1 mm mesh to remove 
larger particles before inoculation. 
 
Two digesters were fed with ss-FW and two with mr-OFMSW at an organic loading 
rate (OLR) of 2 kg VS m
-3
 day
-1
. The solids retention time in the digesters was uncoupled 
from the hydraulic retention time (HRT), as this is a common practice in low solids digestion 
of municipal solid waste (MSW) with high inert and low moisture contents. This was also the 
practice at the two full-scale plants treating the waste fractions sampled. To achieve this, 1.16 
litres of digestate was drained from each digester each day and the amount of waste needed to 
give the required OLR was added to the digester. The digester was then made up to working 
volume using digestate liquor that had been separated from the drained digestate using a 1 
mm sieve. This procedure gave a solids retention time (SRT) of 30 days. 
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The trial was run for 284 days. During this time one of the ss-FW digesters had 24 
litres of digestate removed on day 119 as an inoculum for another experiment; the other was 
operated uninterrupted for the entire period. 24 litres of digestate was also removed on day 
140 from one of the mr-OFMSW and 20 litres on day 144 from the other, again as an 
inoculum for other experiments. After each of these digestate removals, no further digestate 
was removed from the digester until its volume had returned to 35 litres as a result of daily 
additions of the respective feedstocks. 
 
The digesters were monitored daily for biogas production and pH. Other digestate 
parameters such as total solids (TS), volatile solids (VS), volatile fatty acids (VFAs), total 
ammoniacal nitrogen (TAN) and alkalinity, as well as biogas composition, were analysed two 
to three times per week. All gas volumes reported are corrected to STP of 0
o
C, 101.325 kPa 
as described in Walker et al. (2009).  
 
2.5. Analytical methods  
 
TS and VS were measured according to Standard Methods 2540 G (APHA, 2005). pH 
was determined using a Jenway 3010 meter (Bibby Scientific Ltd, UK) calibrated in buffers 
at pH 4.0, 7.0 and 9.2 (Fisher Scientific, UK). Alkalinity was measured by titration with 
0.25N H2SO4 to endpoints of pH 5.75 and 4.3 (Ripley et al., 1986). Total Kjeldahl nitrogen 
(TKN) and total ammoniacal nitrogen (TAN) were determined using a Kjeltech block 
digestion and steam distillation unit according to the manufacturer's instructions (Foss Ltd, 
Warrington, UK). Crude proteins were calculated by multiplying the difference between 
TKN and TAN by 6.25 (Hansen et al., 1998). Samples for VFA analysis were prepared by 
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centrifuging at 13000 rpm for 10 min (model 5417C, Eppendorf, Hamburg, Germany) and 
acidifying the centrifugate to 10% (v/v) with formic acid. VFA in the supernatant was 
measured by gas chromatography (model GC-2010, Shimazdu, Tokyo, Japan), using a flame 
ionization detector and an FFAP capillary column (SGE Europe Ltd, UK) with helium as the 
carrier gas. Biogas composition was analysed using a Varian CP 3800 gas chromatograph 
with a gas sampling loop, with argon as the carrier gas. The GC was calibrated using a 
standard gas containing 35% CO2 and 65% CH4 (BOC, Guildford, UK).  
 
Further characterisation was carried out on samples prepared by air drying to constant 
weight and then milled to a particle size ≤0.5 mm in a micro-hammer mill (Glen Creston Ltd, 
Standmore Mill, England). Calorific values (CV) were determined using a bomb calorimeter 
(CAL2k-ECO, South Africa). Total organic carbon (TOC) was determined using a Dohrmann 
DC-190 TOC analyzer (Rosemount Analytical Inc., USA) according to the manufacturer's 
instructions. Carbohydrates were determined using a phenol - sulphuric acid method (Dubois 
et al., 1956) after preliminary acid hydrolyis using 1M HCl at 100 °C for 20 hours 
(Myklestad et al., 1997). Lipids were measured after Soxhlet extraction using n-hexane (SW-
846, 1998). Neutral detergent fibre, acid detergent fibre and acid detergent lignin were 
obtained using FiberCap
TM
 2023 fibre analysis system (Foss, UK) (Van Soest et al., 1991; 
Kitcherside et al., 2000). Elemental composition (C, H, N, S, O) was determined using a 
FlashEA 1112 Elemental Analyser (Thermo Finnigan, Italy), following the manufacturer's 
standard procedures. Inorganic elements were extracted in nitric acid by microwave digestion 
(Model MARS X
R
, XP-1500 Plus, CEM Corporation) and the extract filtered and diluted to 
50 ml with deionised water (Milli-Q Gradient, Millipore, Watford, UK). Cd, Cr, Cu, K, Ni, 
Pb, and Zn concentrations were determined using a flame atomic absorption spectrometer 
(Spectr AA-200, Varian, USA). Hg was determined using Cold-vapour atomic fluorescence 
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spectrometry (PSA 10.025 Millennium Merlin, PS Analytical Ltd, Kent, UK). Phosphorus 
was measured by the ammonium molybdate spectrometric method (ISO 6878: 2004). 
 
3. Results and discussion 
 
3.1. Physico-chemical characterisation of MSW streams  
 
The physico-chemical characteristics of the two waste samples are shown in Table 1. 
The ss-FW had a much higher water content, higher volatile solids and a lower inert fraction 
on a TS basis. It had a higher percentage of carbohydrates, lipids and proteins on a VS basis 
which was reflected in the higher calorific value. It also had a lower fibre content due to the 
absence of paper and card. These characteristics indicated that the ss-FW would have a larger 
biogas yield with a higher methane concentration on a VS basis. The mr-OFMSW had a 
higher carbon-to-nitrogen (C/N) ratio than the ss-FW with a value in the optimal range for 
stable digester operation, whereas the ss-FW was considered to be nitrogen-rich. The mr-
OFMSW had concentrations of potentially toxic elements (PTE) substantially higher than 
found in ss-FW, and cadmium and mercury were present at detectable concentrations.  
 
The PSD of each of the two wastes, expressed as the cumulative retained percentage 
of weight, are shown in Fig. 1. In the ss-FW a substantial part (>80%) of the material had a 
particle size less than 0.6 mm. In the mr-OFMSW the particle size was larger with 60% of the 
particles >5mm and 35% >6.7mm, but less than 1% were >13.2mm. The organic fraction 
represented 92% of the processed waste and the type and size range of the contaminants are 
given in Table 2. 
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3.2. Biochemical methane potential assays 
 
The BMP tests ran for 80 and 82 days for ss-FW and mr-OFMSW respectively (Fig. 
2). The results of the tests using ss-FW at the two different i/s ratios showed excellent 
agreement, with the volumes and percentages (60.4% and 61.0%) of methane being almost 
identical in each case. In the case of mr-OFMSW the different initial i/s ratios gave different 
results. The test with the lower i/s ratio showed a lower biogas methane percentage (55.1% 
and 59.0% for i/s ratios 2 and 4 respectively), and a lower methane potential.  
 
The BMP values obtained were compared to the theoretical BMP values calculated 
from the biochemical composition of the wastes (Angelidaki and Ellegaard, 2003), as shown 
in Table 3. The value for ss-FW measured at both i/s ratios and the value for mr-OFMSW at 
the higher i/s ratio of 4 were approximately 10% lower than theoretical BMP. Analysis of the 
digestate residue at the end of the test showed some fibre and lipid materials still remained 
and could account for this discrepancy. The measured BMP values were much lower than 
those predicted using the Buswell equation (Symons and Buswell, 1933) based on an 
empirical formula derived from the elemental composition. This was especially the case for 
mr-OFMSW, reflecting its relatively high lignin content which is known not to break down 
under anaerobic conditions (Triolo et al., 2011). The theoretical BMP was also calculated 
using a carbon mass balance based on the measured VS destruction and biogas composition, 
which gave a predicted value of 0.467 STP m
3
 kg
-1
 VSadded for ss-FW and 0.349 STP m
3
 kg
-1
 
VSadded for mr-OFMSW. Both results are within 5% of the experimentally determined value, 
which supports the accuracy of the analyses for volatile solids, biogas composition and 
elemental carbon measurements.  BMP values for mr-OFMSW reported in Cecchi et al. 
(2003) ranged from 0.158 to 0.397 m
3
 kg
-1
 VS, and from 0.401 to 0.489 m
3
 kg
-1
 VS for 
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separately collected and source segregated organic material.  These values are similar to the 
results in the current study (Table 3).  
 
3.2.1. Degradation constants 
  
 Specific methane production was modelled using a simple first-order degradation 
pattern (equation 1). 
 
Y = Ym (1 - e
-kt
)   [1] 
 
where Y is the cumulative methane yield at time t, Ym is the ultimate methane yield and k is the 
first-order rate constant. Rao et al. (2000) suggested, however, that for organic solid wastes, it 
may be better to consider that the gas production curve corresponds to the rapid breakdown of 
readily degradable components followed by a much slower degradation of the fibrous portion. 
Methane production is therefore governed by two rate constants and a pseudo-parallel first-
order kinetic model can be used (equation 2).  
 
Y = Ym (1 - Pe
-k
1
t
 - (1-P) e
-k
2
t
)  [2] 
 
where k1 and k2 are the first-order rate constants for the proportion of readily and less readily 
degradable material, respectively, and P is the proportion of readily degradable material. The 
kinetic constants obtained from these two approaches are given in Table 4. It can be seen that 
the simple first-order model (equation 1) gives only a moderately good fit to the experimental 
data (R
2
 ≈ 0.962~0.989) and a much better fit is obtained using equation 2 (R2 ≈ 
0.996~0.998), especially for the mr-OFMSW. The improved fit using equation 2 indicated 
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that both waste streams were heterogeneous in composition and, perhaps surprisingly, that the 
decay rate coefficient for the readily degradable fraction of mr-OFMSW (k1) was higher than 
for ss-FW despite its lower overall degradability.  
 
3.2.2. Analysis of BMP digestates 
 
The calorific value of the BMP digestates was measured, allowing comparison of the 
total calorific load added at the beginning of the test with that remaining at the end as either 
methane or digestate (Table 5). For this calculation the higher heat value of methane was 
taken as 39.8 MJ STP m
-3
 (BS EN ISO 6976, 2005). It can be seen that the percentage of VS 
destroyed was approximately the same as the percentage of calorific load converted to 
methane for the control samples. The calculated energy recovered from the wastes was higher 
than the calculated VS destruction, however, indicating that a higher proportion of energy-
rich materials such as lipids and proteins were degraded. Fibre analysis on the digestates at 
the end of the test showed that, if the theoretical methane yield of the undigested 
holocellulose was taken into account when calculating theoretical BMP values, this would 
give 0.458 and 0.376 STP m
3
 CH4 kg
-1
 VS for ss-FW and mr-OFMSW respectively, which is 
very close to the experimental values. The lipid component in the ss-FW was almost fully 
degraded and there was no change in the lignin content in either the ss-FW or mr-OFMSW. 
 
3.3. Semi-continuous digestion trial  
 
3.3.1.  Digester performance 
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The results for the digestion trial are shown graphically in Fig. 3a - h. Both mr-
OFMSW digesters ran for more than four retention times before digestate was withdrawn on 
days 140 and 144. The gaps in the data are for the periods following this removal while 
digester volume was restored by volume-proportional feeding; during this time, however, 
operational parameters remained stable. The performance indicators for the digestion period 
were: specific methane production (SMP) 0.304 STP m
3
 CH4 kg
-1
 VSadded; specific biogas 
production (SBP) 0.529 STP m
3
 kg
-1
 VSadded; volumetric biogas production (VBP) 1.05 STP 
m
3
 m
-3
 day
-1
; methane percentage 57.5%; volatile fatty acids (VFA) concentration less than 
100 mg l
-1
; TAN 1400 mg N l
-1
 and pH 7.5. The SMP was 86% of the BMP value, indicating 
that most of the biodegradable part of mr-OFMSW had been converted to biogas. The 
methane yield of material on a wet weight basis was 102 m
3
 tonne
-1
 in semi-continuous 
digestion (Fig. 3a, Fig. 3b and Table 1).  
 
One of the ss-FW digesters (ss-FW1) ran continuously with daily feeding for 284 
days. Fig. 3c shows that the initial pH of this digester was above 7.7. Between the second and 
third retention time (day 30 to 90) there was a build-up in TAN and VFA reaching 2500 mg 
N l
-1
 (Fig. 3d) and 16000 mg l
-1
 (Fig. 3h) respectively, and the biogas methane content 
showed a corresponding fall to 58% (Fig. 3b). The VFA build-up reduced the pH to 7.3 
which shifted TAN equilibrium from free ammonia (Fig. 3e) to the less inhibitory dissociated 
form (ammonium ion) leading to an increase in methanogenic activity. This increase 
subsequently consumed part of the accumulated VFA and gave an increased methane 
percentage in the biogas. The concurrent rise in pH and free ammonia concentration with 
reducing VFA concentrations probably initiated a second cycle of partial inhibition of 
methanogenesis, as seen by another fall in biogas methane content between days 120 to 140 
(Fig. 3b). Recovery from this second occurrence was more rapid, indicating acclimatisation 
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of the methanogens to the unfavourable conditions. The system then appeared stable with 
biogas production of 0.695 STP m
3
 kg
-1
 VSadded and VS destruction of 83.9%. After 6 
retention times (day 180), however, the concentration of propionic acid rose rapidly as shown 
in Fig. 4a, which led to a fall in specific biogas yield and biogas methane content (Fig. 3a and 
3b). The digester finally became severely stressed with VFA rising to 20000 mg l
-1
 and pH 
falling to 7.1. At the same time the digester suffered a severe foaming problem caused by 
entrainment of fine gas bubbles, leading to expansion of the digestate volume by 25-33% 
with a frothy surface layer filling the digester headspace. A number of measures were used to 
try and recover the digester. These included reducing the loading rate, stopping liquor 
recirculation, and finally stopping feeding the digester. None of these were successful.  
 
The second food waste digester (ss-FW2) ran for 4 retention times before digestate 
was removed for another experiment. The VFA profile for that period and for the period after 
digester volume was restored is shown in Fig. 4b. Although there is some lag due to the lack 
of operational continuity, a similar trend of rising propionic acid concentration can be seen 
towards the end of the trial. While operating stably the ss-FW digesters showed a high 
specific methane yield of 0.425 STP m
3
 kg
-1
 VSadded equal to 92 m
3
 CH4 tonne
-1
 on a wet 
weight basis. 
 
3.3.2.  Kinetics of daily gas production in the digesters 
 
Biogas production rates were monitored continuously and an example of how these 
varied over a 24-hour period between feed additions is shown in Fig. 5a. There was very little 
difference in the rate of production in the early stages of the feed cycle, possibly because at 
this point the quantity of substrate was not the limiting factor and the reaction rates were 
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independent of overall biochemical composition as readily available material was used first. 
The biogas production rate of the digesters fed with mr-OFMSW began to slow down after 
approximately 10 hours indicating that readily available substrate was becoming limiting. In 
the digesters fed with ss-FW the initial rate of reaction was maintained for almost 18 hours, 
reflecting the higher content of readily available material as VS, compared with the mr-
OFMSW. 
 
Biogas composition and VFA concentration in each digester were also determined at 
intervals over each 24-hour period on day 42. The results, shown in Fig. 5b, indicated that the 
addition of ss-FW affected digester operation more than the addition of mr-OFMSW. When 
adding food waste the biogas methane percentage fell to around 48%; then rose to around 
62% but did not reach a plateau within the 24-hour period. The mr-OFMSW did not show 
such a severe fall in methane concentration, which reached its maximum within 5 hours of 
feeding (Fig. 5b). Changes in VFA over a 24-hour monitoring period were insignificant for 
ss-FW digestate, probably as these were small compared to the high background VFA 
concentration of 3000 mg l
-1
. In the mr-OFMSW digesters there was a small acetic acid peak 
of around 100 mg l
-1
 two hours after feeding, which disappeared within 6 hours. 
 
3.3.3.  Plant nutrient and PTE concentrations in digestate 
 
The fibre fraction percentage in whole digestate was 1.2 % and 22% for ss-FW and 
mr-OFMSW respectively. Both the separated fibre and liquor fractions of the two digestates 
were analysed for their plant nutrient and PTE concentrations in samples taken on day 119 
for ss-FW2 and day 140 for mr-OFMSW2 (Table 6). As indicated from the substrate 
physicochemical characteristics (Table 1), ss-FW digestate had a higher plant nutrient and 
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lower PTE content than mr-OFMSW digestate in both fibre and liquor fractions. Since the 
operational regime involved liquor recirculation, nutrients and PTE tended to accumulate in 
the liquor before reaching a steady state. In all cases in the digestate liquor TAN was around 
40-60% of TKN and potassium was predominantly in the dissolved form (90%). Dissolved 
reactive phosphorus, however, was less than 10% of the total despite the relatively low TP 
concentration compared with TKN and TK. The NPK ratio of the mr-OFMSW digestate was 
100:9:36 in digestate liquor, 100:21:24 in digestate fibre and 100:13:32 in whole digestate. 
The NPK ratio of food waste digestate was 100:11:41 in digestate liquor, 100:19:33 in 
digestate fibre, and 100:11:41 in whole digestate. The mr-OFMSW digestate liquor exceeds 
typical limits for the potentially toxic elements (PTE) Ni and Zn and the digestate fibre for 
Cd, Cr, Cu, Ni, Pb and Zn (e.g. BioAbV, 1998; PAS 110, 2010). While this does not rule out 
land application for non-agricultural purposes, together with the presence of plastics and 
other physical contaminants it limits the potential of the material as a high-value product. The 
ss-FW digestate liquor and fibre were both within typical limit values for PTE (Table 6).  
 
4.  Conclusions 
 
The physico-chemical characteristics of the two selected municipal waste streams 
were very different, and were directly related to the methane potential and the final digestate 
quality. Experimental determination of the BMP values showed a dependence on the i/s ratio 
for mr-OFMSW, although the reason for this was not apparent. When the theoretical BMP 
was calculated using the Buswell equation it gave an over-estimate which was greater for the 
mr-OFMSW than for ss-FW, reflecting the higher proportion of lignin and of other fibre 
products that are not fully degraded in anaerobic conditions. The estimated BMP values 
based on the biochemical composition of the wastes and on a carbon mass balance were 
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much closer to the experimental values, confirming the value of these two approaches. In 
semi-continuous digestion both wastes showed good methane yields, which were similar at 
around 100 m
3
 tonne
-1
 wet weight, although the specific methane potential of the ss-FW was 
about 28% higher on a VS basis. The quality of the mr-OFMSW digestate in terms of PTE 
content was too low to be considered for agricultural land application according to typical 
limit values, and it was lower in nutrients than the ss-FW. The ss-FW digestate was low in 
PTE and rich in nutrients, but digestion of this substrate posed problems of stability as a 
result of the high ammoniacal concentration and the accumulation of volatile fatty acids even 
at the low OLR used. The process performance and digestate properties of these two organic 
fractions of the municipal waste stream thus require careful consideration in the planning 
stages of any large-scale application, as the quality of mr-OFMSW digestate may restrict the 
available end-utilisation options, while further work on process stability is needed before ss-
FW can be considered suitable for digestion as a single substrate.   
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Table 1  
Characteristics of the waste streams. 
 ss-FW  mr-OFMSW 
General    
pH (1:5) 4.71 ± 0.01 6.39 ± 0.01 
TS (% wet weight (WW)) 23.74 ± 0.08 52.83 ± 0.63 
VS (% WW) 21.71 ± 0.09 33.55 ± 0.63 
VS (% of TS) 91.44 ± 0.39 63.52 ± 1.89 
Total Organic Carbon (TOC) (% of TS) 47.6 ± 0.5 34.8 ± 1.1 
TOC / TKN 13.9 ± 0.2 25.0 ± 1.6 
Biodegradable C 
a
 / TKN
 
13.6 ± 0.2 19.2 ± 1.6 
Calorific value (CV) (kJ g
-1
 TS) 20.7 ± 0.2 13.9 ± 0.2 
Biochemical composition (VS basis)  
Carbohydrates 
b
 (g kg
-1
) 453 ± 17 340 ± 7 
Lipids 
c
 (g kg
-1
) 151 ± 1 68.6 ± 5.4 
Crude proteins (g kg
-1
) 235 ± 3 130 ± 7 
Hemi-cellulose (g kg
-1
) 38.1 ± 3.7 52.2 ± 12.4 
Cellulose (g kg
-1
) 50.4 ± 1.6 252 ± 36 
Lignin (g kg
-1
) 16.5 ± 0.2 184 ± 26 
Nutrients and PTE (TS basis)  
TKN (g kg
-1
) 34.2 ± 0.4 13.9 ± 0.8 
Total Phosphorus (TP) (g kg
-1
) 5.41 ± 0.32 2.17 ± 0.25 
Total Potassium (TK) (g kg
-1
) 14.3 ± 0.8 4.26 ± 0.37 
Cd (mg kg
-1
) < 1.0 1.50 ± 0.37 
Cr (mg kg
-1
) 29.0 ± 1.2 263 ± 11 
Cu (mg kg
-1
) 7.20 ± 0.81 107 ± 10 
Hg (mg kg
-1
) < 0.010 0.179 ± 0.018 
Ni (mg kg
-1
) 7.0 ± 2.9 97.0 ± 2.9 
Pb (mg kg
-1
) < 10 162 ± 10 
Zn (mg kg
-1
) 33 ± 11 259 ± 4 
Elemental composition (TS basis)   
N (%) 3.44 ± 0.04 1.32 ± 0.08 
C (%) 47.6 ± 0.5 33.0 ± 1.0 
H (%) 7.04 ± 0.63 4.80 ± 0.30 
S (%) 0.15 ± 0.01 0.25 ± 0.04 
O (%) 33.3 ± 2.6 22.2 ± 1.2 
a
 Biodegradable carbon was calculated by deducting lignin carbon from TOC. The formula 
of lignin was chosen as C9H7.95O2.41(OMe)0.93 (Sakakibara, 1980). 
b
 In equivalent glucose.  
c
 n-hexane extractable material (HEM). 
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Table 2  
Percentage of material types in the different size fractions of mr-OFMSW.  
Size Fraction 
(mm) 
Percentage on a wet weight basis (%) 
Glass Metal Plastic 
Non-
combustibles 
Biodegradable 
organic matter 
20.0~13.2 3.60 0.00 8.06 0.00 88.3 
13.2~6.7 2.55 0.21 8.70 0.56 88.0 
6.7~5.0 2.34 0.27 3.74 0.87 92.8 
<5.0 4.02 0.04 0.80 0.11 95.0 
Whole sample 3.08 0.16 4.34 0.46 92.0 
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Table 3 
Comparison of CH4 production from BMP tests with the theoretical BMP value.  
 ss-FW mr-OFMSW 
(STP m
3
 CH4 kg
-1
 VSadded) i/s ratio 2 i/s ratio 4 i/s ratio 2 i/s ratio 4 
Experimental value 0.445±0.004 0.456±0.007 0.344±0.010 0.364±0.004 
Estimated BMP based on 
biochemical composition 
 0.494 0.401 
Estimated BMP based on 
Buswell equation  
0.547 0.557 
Estimated BMP based on 
Carbon mass balance 
0.467 0.349 
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Table 4 
Kinetic constants for CH4 production from BMP tests from modelling. 
 ss-FW  mr-OFMSW 
 i/s ratio 2 i/s ratio 4 i/s ratio 2 i/s ratio 4 
 Equ.1 Equ. 2 Equ.1 Equ.2 Equ.1 Equ.2 Equ.1 Equ.2 
Ym 0.445 0.445 0.456 0.456 0.344 0.344 0.364 0.364 
P 1 0.87 1 0.83 1 0.83 1 0.80 
k1 0.33 0.41 0.37 0.60 0.52 0.77 0.43 0.88 
k2  0.04  0.05  0.05  0.06 
R
2 
0.989 0.996 0.979 0.998 0.967 0.996 0.962 0.998 
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Table 5  
Calorific inputs and outputs from the BMP test for each digester and the percentage 
conversion of the total calorific load to methane. 
 ss-FW mr-OFMSW 
i/s 
ratio 
2 
i/s 
ratio 
4 
Inoculum-
only 
control 
i/s 
ratio 
2 
i/s 
ratio 
4 
Inoculum-
only 
control 
Calorific input Substrate 340 170 - 172 86 - 
(kJ) Inoculum 663 663 663 349 349 349 
 Total 1002 833 663 521 435 349 
Calorific output as 
CH4 
Substrate [280] [144] - [118] [62] - 
(kJ) Inoculum 82 82 82 59 59 59 
 Total 362 226 82 177 121 59 
Calorific output as 
digestate  
Substrate [89] [54] - [72] [31] - 
Inoculum 610 610 610 329 329 329 
(kJ) Total 699 664 610 401 360 329 
Percentage of 
calorific load 
converted to CH4 
(%) 
Substrate [82.3] [84.5] - [68.8] [72.0] - 
Inoculum - - 12.3 - - 16.8 
Total 36.1 27.1 12.3 34.0 27.7 16.8 
Percentage VS 
destroyed (%) 
Substrate [78.7] [79.2] - [61.1] [63.1] - 
Inoculum - - 12.7 - - 14.8 
 Total 34.4 25.8 12.7 30.2 24.4 14.8 
Note: Values calculated from measured results shown in brackets [ ] 
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Table 6  
Plant nutrient and PTE concentrations in digestate fibre and liquor fractions, with PTE limit values for Germany 
and UK.   
  ss-FW2   mr-OFMSW2 BioAbV PAS110 
  fibre liquor fibre liquor     
% of whole digestate 1.2 98.8 22 78 - - 
TS (% WW) 14.7 ± 0.1 5.84 ± 0.02 35.0 ± 0.3 6.57 ± 0.01 - - 
VS (% WW) 12.1 ± 0.0 4.16 ± 0.02 21.2 ± 0.4 3.28 ± 0.01 - - 
VS (% TS) 82.6 ± 0.1 71.2 ± 0.2 60.5 ± 0.6 49.9 ± 0.0 - - 
TAN (g NH3-N kg
-1
 TS) 23.6 ± 0.1 65.1 ± 0.7 4.76 ± 0.11 22.4 ± 0.2 - - 
TKN (g kg
-1
 TS) 54.7 ± 0.4 112 ± 0 16.2 ± 0.2 48.1 ± 0.3 - - 
TK (g kg
-1
 TS) 18.0 ± 0.1 46.1 ± 0.2 3.89 ± 0.27 17.5 ± 0.0 - - 
TP (g kg
-1
 TS) 10.5 ± 0.2 11.9 ± 1.3 3.40 ± 0.18 4.52 ± 0.24 - - 
Cd (mg kg
-1
 TS) < 1.0 < 1.0 1.36 ± 0.17 2.37 ± 0.02 1 1.5 
Cr (mg kg
-1
 TS) 10.9 ± 0.4 29.1 ± 0.2 64.0 ± 2.6 166 ± 2 70 100 
Cu (mg kg
-1
 TS) 19.7 ± 0.0 37.8 ± 0.3 146 ± 2 291 ± 2 70 200 
Ni (mg kg
-1
 TS) 11.4 ± 1.1 25.2 ± 0.2 57.6 ± 2.2 138 ± 1 35 50 
Pb (mg kg
-1
 TS) < 10 < 10 170 ± 7 265 ± 2 100 200 
Zn (mg kg
-1
 TS) 128 ± 7 151 ± 1 438 ± 66 840 ± 2 300 400 
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Fig. 1. Particle size distribution of ss-FW and mr-OFMSW. 
Fig. 2. Cumulative specific methane production for wastes at i/s ratios of 2 and 4. Error bars 
represent standard deviation but are not plotted for every data point. 
Fig. 3. Stability and performance parameters for the pairs of digesters fed on ss-FW and mr-
OFMSW (the results in b represent the biogas methane content before daily digester feeding). 
Fig. 4. Concentration of individual VFA species in ss-FW digesters. 
Fig. 5. Typical examples of biogas production and methane concentration between daily 
feeds. 
 
Fig. S1.  Images of digesters used in batch and semi-continuous trials 
Fig. S2.  Diagram of 1.4-litre digesters used in BMP assays 
Fig. S3.  Diagram of 35-litre digesters used in semi-continuous trials 
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Supplementary material, Fig. S1 
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Supplementary material, Fig. S2 
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Supplementary material, Fig. S3 
 
